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Fluorescence quenching refers to any process which de- 
creases the fluorescence intensity of a sample. A variety of 
molecular interactions can result in quenching. These in- 
clude excited-state reactions, molecular rearrangements, 
energy transfer, ground-state complex formation, and col- 
lisional quenching. In this chapter we will be concerned 
primarily with quenching resulting from colli sional en - 
counters between the fluorophore and quencher, which is 
called collisional or dynamic quenching . Static quenching 
is a frequent complicating factor in the analysis of quench- 
ing data, but it can also be a valuable source of informatio n 
about binding between the fluorescent sample and the 
quencher . In addition to the processes described above , 
apparent quenching can occur due to t he optical properties 
of the sample. For exarnple, high optical densities or 
turbidity can result in decreased [fluoresce^ 
This is a trivial type of quenching which contains little 
molecular information. Throughout this chapter, we will 
assume that such trivial effects are not the cause of the 
observed decreases in fluorescence intensity. 

Fluorescence quenching has been widely studied both 
as a fundamental phenomenon and as a source of informa- 
tion about biochemical systems. The biochemical applica- 
tions of quenching are due to the intrinsic role of molecular 
interactions in quenching phenomena. Both static and 
dynamic quenching reauire molecular contact berween 
fluorophoTe and quencher". In the 1 Case ot collisional 
q uenching , trie quen cher must diffuse to the fluorophore 
during the lifet ime of the excited state. Upon contact, the 
fluorophore returns to the ground state, without emission 
or a photo n. In general, quenching occurs without any 
permanent change in the molecules, that is, without a 
photochemical reaction . In the case of static quenching, a 
complex is formed between the fluorophore and the 
quencher, and this complex is non fluorescent. For either 
static or dynamic quenching to occur, the fluorophore and 
quencher must be in contact. The requirement of molecular 



contact results in the numerous applications of quenching. 
For example, quenching measurements can reveal the ac- 
cessibility of fluorophores to quenchers. Consider a 
fluorophore bound either to a protein or to a membrane. If 
the protein or membrane is impermeable to the quencher, 
and the fluorophore is located in the interior of the macro- 
molecule, then neither collisional nor static quenching can 
occur. For this reason, quenching studies can be used to 
reveal the localization of fluorophores in proteins and 
membranes and the permeabilities of protons and mem- 
branes to quenchers. Additionally, the rate of collisional 
quenching can be used to determine the diffusion coeffi- 
cient of the quencher. 

It is important to recognize that the phenomenon of 
collisional quenching results in the expansion of the vol- 
ume and distance within the solution, which affects the 
e xperim ental observables. The root-mean-square distance 
[^(Ax 2 )] over which a quencher can diffuse during the 
l ifetim e of th e excited state (x) is given by 
V(Ajc 2 ) = V(20t) . where D is the diffusion coefficient. 
Consider an oxygen molecule in water at 25 "C. Its diffu- 
sion coefficient is 2.5 X 10" 3 cm 2 /s. During a typical 
fluorescence lifetime of 4 ns, the oxygen molecule can 
diffuse 44 A. If the lifetime is longer, diffusion over still 
larger distances can be observed. For example, for life- 
times of 20 and 100 ns the average distances for oxygen 
diffusion are 100 A and 224 A. respecuvely. With the 
introduction of longer-lived probes with microsecond life- 
times (Chapter 20), diffusion over still larger distances can 
be observed. Hence, fluorescence quenching can reveal the 
diffusion of quenchers over moderately large distances 
which are comparable to the sizes of proteins and mem- 
branes. This situation is different from that for solvent 
relaxation. Spectral shifts resulting from reorientation of 
the solvent molecules are due primarily to the solvent shell 
immediately adjacent to the fluorophore. 
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8.1 . QUENCHERS OF FLUORESCENCE 

A wide variety of substances act as quenchers of fluores- 
cence. One of the best-known colUsional quenchers is 
molecular oxygen,' which quenches almost all known 
fluorophores. Depending upon the sample under investi- 
gation, it is frequently necessary to remove dissolved 
oxygen to obtain reliable measurements of the fluores- 
cence yields or lifetimes. The mechanism by which oxygen 
quenches fluorescence has been the subject of debate. The 
most likely mechanism is that the paramagnetic oxygen 



causes the fluorophore to undergo tntersystem crossing to 
the triplet state. In fluid solutions the lohg-lived triplets aie 
completely quenched, so that phosphorescence is not ob- 
served. Aromatic and aliphatic amines are also efficient 
quenchers of most unsubstituted aromatic hydrocarbons. 
For example, anthracene fluorescence is effectively 
quenched by diethylaniline. 2 In this instance the mecha- 
nism of quenching is the formation of an excited charge- 
transfer complex. The excited-state fluorophore accepts an 
electron from the amine. In nonpolar solvents, fluores- 
cence from the excited charge-transfer complex (exciplex) 



Table 0.1. Quencher* of Fluorescence 


Quenched) 


Typical fluoropbore(s)" 


Reference(s) 


Acryl amide 


Tryptophan 


5-7,79 


Amines 


Anthracene, porykne 


2,80-85 


Amine* 


CacbazoVe 


86 


Amine anesthetics 


Perylene, anfhroyloxy probes 


87,88 


Bromate 




89 




Many fluorophoces 


90 


Cartway poops 


Indole 


91 


Chloride 


Qninollniom, SPQ 


92-95 


Chlorinated compounds 


Indoles and carbazoks 


96-99 


Cobalt (Co 1 *) 


NBD, PPO, perylene (energy transfer for so 


roe probes) 100-105 


Copper (Cu 1 *) 


Anthroytoctaooic acid 


106 


Dvnethylformamtde 


Indole 


107 


Disulfides 


Tyrosine 


108 


Ether* 


9-Arylxantbyl canons 


109 


Halogens 


Anthracene, naphthalene, carbazole 


110-125 


Halogen anesthetics 


Pyrene, tryptophan 


126,127 


Hydrogen peroxide 


Tryptophan 


128 


Imidazole, histiduie 


Tryptophan 


129 


Iodide 


Antracene 


130-133 




Carbazole, pyreoe 


134.135 


Nickel (Ni 1 *) 




136.137 


Nitrorncttume sod mho c* 


impounds Polycydic aromatic hydrocarbons 


138-144 


Nitroxides 


Naphthalene, Tb**. anthroyloxy probes 


63.145-148 


NO (nitric oxide) 


Naphthalene, pywne 


149-151 


Olefins 


^ywrniphthflf***. 23-dimetbyuiaphtbalenf 


pyrene 152-157 


Oxygen 


Most fluorophore* 


158-166 


Peroxides 




167 


noouniiDD nsconnanuoB 


Tryptophan 


168 


Pyridine 


Carbazole 


169 


Qmnonea 


Aromatic hydrocarbons, chlorophyll 


170,171 


Silver (Ag*) 


Perylene 


172 


Snccininude 


Tryptophan 


173,174 


ThaUiurofrV) 


Naphthyi imsnesaJtfottk acid 


175 






176,177 




Tryptophan 


35 


Xenon 




178 
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is frequently observed, and one may regard this process as 
an excited-state reaction rather than quenching. In polar 
solvents the exciplex emission is often quenched, so that 
the fluorophore— amine interaction appears to be mat of 
simple quenching. While it is now known that there is a 
modest through-space component to almost all quenching 
reactions, this component is short-range (< 2 A), so that 
molecular contact is a requirement for quenching. 

Another type of quenching is due to heavy atoms such 
as iodine and bromine. Halogenated compounds such as 
trichloroethanol and bromobenzene also act as coUiaoaal 
quenchers. Quenching by the larger halogens such as bro- 
mine and iodine may be a result of inter system crossing to 
an excited triplet state, promoted by spin-orbit coupling 
of the excited (singlet) fluorophore and the halogen. 3 Since 
emission from the triplet state is slow, the triplet emission 
is highly quenched by other processes. The quenching 
mechanism is probably different for chlorine-containing 
substances. Indole, carbazole, and their derivatives are 
uniquely sensitive to quenching by chlorinated hydrocar- 
bons and by electron scavengers such as protons, histidine, 
cysteine. NOJ, ftimarate, Cu 2 \ Pb*\ Cd 2+ , and Mn 1 *. 4 
Quenching by these substances probably involves dona- 
tion of an electron from the fluorophore to the quencher. 
Additionally, indole and tryptophan and its derivatives are 
quenched by aery 1 amide, succiphnde, tfchloroacetainide, 
dimethylformamide, pyridlnium hydrochloride, imida~ 
zolium hydrochloride, methionine, Eu**, Ag + , and Cs\ 
Quenchers of protein fluorescence have been summarized 
in several insightful reviews.*" 7 Hence, a variety of 
quenchers are available fox studies of protein fluorescence, 
especially to determine the surface accessibility of trypto- 
phan residues and the permeation of proteins by the 
quenchers. 

Additional quenchers include purines, pyrimidines, 
tf-methylnicotinamide, and tf-alkylpyridinium and 
-picoiinium salts. 1 * 9 For example, the fluorescence of 
both FAD and NADH is quenched by the adenine moiety; 
flavin fluorescence is quenched by both static and dynamic 
processes,' 0 whereas the quenching of dihydronico- 
tinamide appears to be primarily dynamic. 11 These 
aromatic substances appear to quench by formation of 
charge-transfer complexes. Depending upon the precise 
structure involved, the ground-state complex can be rea- 
sonably stable. As a result, both static and dynamic 
quenching are frequently observed. A variety of other 
quenchers are known. These are summarized in Table 8.1, 
which is intended to be an overview and not a complete 
list Known collisional quenchers include hydrogen perox - 
ide, nitric oxide (NO), nitroxides , BrO A -, and even some 
olefins. 



Because of the variety of substances which act as 
quenchers, one can frequently identify fluorophore- 
quencher combinations for a desired purpose. It is impor- 
tant to note that not all fluorophores are quenched by all 
the substances listed above. This tact occasionally allows 
selective quenching of a given fluorophore. The occur- 
rence of quenching depends upon the mechanism, which 
in turn depends upon the chemical properties of the indi- 
vidual molecules. Detailed analysis of the mechanism of 
quenching is complex. In this chapter we will be concerned 
primarily with the type of quenching, that is. whether 
quenching is diffusive or static in nature. Later in this 
chapter, we describe biochemical applications of quench- 
ing. 



8.2. THEORY OF COLLISIONAL 
QUENCHING 

Collisional quenching of fluorescence is described by the 
Stern-\folmer equation, 

In this equation, Fq and F are the fluorescence intensities 
in the absence and presence of quencher, respectively, 
is the bimolccular quenching constant, tq is the lifetime of 
the fluorophore in the absence of quencher, and (QJ is the 
concentration of quencher. The Stem-Vfolmcr quenching 
constant is given by xyco. If the quenching is known to be 
dynamic, the Stem-Vblmer constant will be represented 
by Kp. Otherwise, this constant will be described as K$\. 

Quenching data are usually presented as plots of Fq IF 
versus [QJ. This is because F$IF is expected to be linearly 
dependent upon the concentration of quencher. A plot of 
Fq/F versus [Q] yields an intercept of 1 on the y-axis and 
a slope equal to K& (Figure 8.1). Intuitively, it is useful to 
note that K}} is the quencher concentration at which FJF 
= 2, or 50% of the intensity is quenched. A linear Stern- 
Volmer plot is generally indicative of a single class of 
flnorophores. all equally accessible to quencher. If two 
fluorophore populations are present, and one class is not 
accessible to quencher, then the Stern- Vblmer plots devi- 
ate from linearity toward the x-axis. This result is fre- 
quently found for the quenching of tryptophan 
fluorescence in proteins by polar or charged quenchers. 
These molecules do not readily penetrate the hydrophobic 
interior of proteins, and only those tryptophan residues on 
the surface of the protein are quenched 

It is important to recognize that observation of a linear 
Stern- Volmer plot does not prove that collisional quench- 
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ing of fluorescence has occurred In Section 8.3 we will 
see that static quenching also results in linear Stem- 
Volmer plots. Static and dynamic quenching can be distin- 
guished by their differing dependence on temperature and 
viscosity, or preferably by lifetime measurements. Higher 
temperatures result in faster diffusion and hence larger 
amounts of collisional quenching. Higher temperatures 
will typically result in the dissociation of weakly bound 
complexes, and hence smaller amounts of static quench- 
ing. 

Derivation of the Stem-Volmer 
Equation 

The Stern-\folmer equation can be derived by considera- 
tion of the fluorescence intensities observed in the absence 
and presence of quencher. The fluorescence intensity ob- 
served for a fluorophore is proportional to its concentration 
in the excited state [P*J. Under continuous Ulumination, a 
constant population of excited fluorophores is established, 
and therefore d[F*ydt » 0. In the absence of quencher, the 
differential equation describing [F*] is 

^=/(0-tfF*]o=0 [8.2] 

and in the presence of quencher, 

^ =/(0 ~(Y + VQIHF*] = 0 [8.3] 

whereto is the constant excitation function, and y = xo 1 is 
the decay rate of the fluorophore in the absence of 
quencher. In the absence of quenching, the excited-state 
population decays with a rate Y =* (T + **). where T is the 



radiative decay rate and Jfc« is the nonradi alive decay rate. 
In the presence of quencher, there is an additional decay 
rate, A^[Q]. With continuous excitation, the excited-state 
population is constant, so the derivative can be easily 
eliminated from these equations. Division of Eq. [8.3] by 
Eq. [8.2] yields 

£ = Li^L 1+Vfl(Q] [Ml 

which is the Stern-Valmer equation. 

This equation may also be obtained by considering the 
fraction of excited fluorophores, relative to the total, which 
decay by emission. This fraction (F/Fq) is given by the ratio 
of the decay rate in the absence of quencher (y) to the total 
decay rate in the presence of quencher (y + *^[Q]), 

' _X_,_L_ lsS \ 

?o Y + tyQJ l+AWQ] 

which is again the Stem-Volmer equation. Since colli- 
sional quenching is a rate process which depopulates the 
excited state, the lifetimes in the absence (to) and presence 
(t) of quencher are given by 

and therefore 
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This equation illustrates ao important characteristic of 
collisional quenching, which is an equivalent decrease in 
fluorescence intensity and in lifetime (Figure 8.1. left); that 
is, for collisional quenching, 



F t 



[8.9] 



The decrease in lifetime occurs because quenching is an 
additional rate process that depopulates the excited state. 
The decrease in yield occurs because quenching depopu- 
lates the excited state without fluorescence emission. 
Static quenching does not decrease the lifetime because 
only the fluorescent molecules are observed, and the un- 
complexed fluorophores have the unquenched lifetime to. 

8.2.B. interpretation of the Bimolecular 
Quenching Constant 

A frequently encountered value is the bimolecular quench- 
ing constant (Jfc^), which can reflect the efficiency of 
quenching or the accessibility of the fluorophores to the 
quencher. As shown below, diffusion-controlled quench- 
ing typically results in values of near 1 x 10 10 M~' s~'. 
Smaller values of k^ can result from steric shielding of the 
fluorophore, and larger apparent vnjues of kq usually indi- 
cate some type of binding mtefaction. 

The meaning of the bimolecular quenching constant can 
be understood in terms of the frequency of collisions 
between freely diffusing molecules. The collisional fre- 
quency (Z) of a fluorophore with a quencher is given by 



Z=*o[QJ 



[8.10] 



where to is the diffusion-controlled bimolecular rate con- 
stant. This constant may be calculated using the 
Smoluchowski equation. 



AnRDN 
' 1000 ■ 



[8.11] 



where R is the collision radius, D is the sum of the diffusion 
coefficients of the fluorophore (D/) and quencher (D 4 ), and 
N is Avogadro's number. The collision radius is generally 
assumed to be the sum of the molecular radii of the 
fluorophore (/?/) and quencher (It,). This equation de- 
scribes the diffusive flux of a molecule with a diffusion 
coefficient D through the surface of a sphere of radius R. 
The factor of 1000 is necessary to keep the units correct 
when the concentration is expressed in terms of molarity. 
The term N/1 000 converts molarity to molecules per cubic 



The collisional frequency is related to the bimolecular 
quenching constant by the quenching efficiency fg, 



[8.12] 



For example, if/ fl = OJ, then 50% of the collisional en- 
counters are effective in quenching, and one expects Kj to 
be one-half of to. Since to can be estimated with moderate 
precision, the observed value of fc, can be used to jndge the 
efficiency of quenching. Quenchers like oxygen, acryl- 
amide, and T generally have efficiencies near unity, but the 
quenching efficiency of sucdnimide depends on the sol- 
vent. The efficiency is generally less with the lighter halo- 
gens. The quenching efficiency of amines depends upon 
the reduction potential of the fluorophores being 
quenched, as may be expected for a charge-transfer reac- 
tion. 

The efficiency of quenching can be calculated from the 
observed value of ky if the diffusion coefficients and 
molecular radii are known. The radii can be obtained from 
molecular models, or from the molecular weights and 
densities of the substances in question. Diffusion coeffi- 
cients may be obtained from the Stokes-Einstein equation, 



D = kT/(mt)R 



[8.13] 



where k is the Boltzmann constant, Tj is the solvent viscos- 
ity, and R is the molecular radius, frequently, the Stokes- 
Einstein equation underestimates the diffusion coefficients 
of small molecules. For example, quenching efficiencies 
of 2-3 were calculated for oxygen quenching of fluoro- 
phores dissolved in various alcohols. 11 These impossibly 
large efficiencies were obtained because the diffusion co- 
efficient of oxygen in organic solvents is several fold larger 
than predicted by Eq. [8.13]. This equation describes the 
diffusion of molecules that are larger than the solvent 
molecules, which is clearly not the case for oxygen in 
ethanol. As an alternative method, diffusion coefficients 
can be obtained from nomograms based upon physical 
properties of the system. 13 Once the diffusion coefficients 
are known, the bimolecular quenching constant for/g = 1 
can be predicted using the Smoluchowski equation (Eq. 
[8.11]). 

It is instructive to consider typical values for and the 
concentrations of quencher required for significant 
quenching. For example, consider the quenching of tryp- 
tophan by oxygen 14 At 25 °C the diffusion coefficient of 
oxygen in water is 25 x 10~ 5 cm 2 /i and that of tryptophan 
is 0.66 x 1<T S cm 2 /s. Assuming a collision radius of 5 A, 
substitution into Eq. [8. 1 1] yields *o = 1.2 x 10*° AT 1 
The observed value of the oxygen Stera-Volmer quench- 
ing constant was 3ZS AT 1 . Since the unquenched lifetime 
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of tryptophan is 2.7 ns. k q *= 1 .2 x 1 0 10 AT 1 s _l which is in 
excellent agreement with the predicted value. This indi- 
cates that essentially every collision of oxygen with tryp- 
tophan is effective in quenching, that is, f Q = 1.0. A 
bi molecular quenching constant near 1 x lO^AT 1 s" 1 may 
be considered as the largest possible value in aqueous 
solution. For quenchers other than oxygen, smaller diffu- 
sion-limited quenching constants axe expected because the 
diffusion coefficients of the quenchers are smaller. For 
example, the efficiency of acrylamide quenching of tryp- 
tophan fluorescence is also near unity, 15 but k q = 5.9 x 
10* AT 1 s" 1 . This somewhat smaller value of k q is a result 
of the smaller diffusion coefficient of acrylamide relative 
to that of oxygen. Frequently, data are obtained for fluoro- 
phores which are bound to rnacromolecules. In this case, 
the fluorophorc is not diffusing as rapidly. Also, the 
quenchers can probably only approach the fluorophores 
from a particular direction. In such cases, the maximum 
bi molecular quenching constant is expected to be about 
50% of the diffusion-controlled value. 16 



83. THEORY OF STATIC QUENCHING 

In the previous section we described quenching that re- 
sulted from diffusive encounters be tween the fliinrophnre 
and quencher during the lifetime o f the eie^ staft This 
is a time-oependent process. Quenching can also occur as 
a result of the formation of a n onfluorescent complex' 
^TweeTTgierTuorophore and quencher. WrtfhlWsConlipiej f 
aftSSr Os ngnt, " invnsf"»kfy re turns to the grou nd state 
gjgjout emission of a photon (Figure %A \ 

llie dependence of" the nuorescence intensity upon 
quencher concentration for static quenching is easily de- 
rived by consideration of the association constant for com- 
plex formation. This constant is given by 



^MqT 18141 

where [F-Q] is the concentration of the complex, [F] is the 
concentration of uncomplexed fluorophore, and [Q] is the 
concentration of quencher. If the complexed species is 
nonfluorescent, then the fraction of the fluorescence that 
remains, F/Fo, is given by the fraction of the total fluoro- 
phores that are not complex ed,/= F/F 0 . Recalling that the 
total concentration of fluorophore, [Flo, is given by 

[F] 0 =[F} + [F-Q] [8.15] 
substitution into Eq. [8.14] yields 



y [F]Q-[F3 [FQ] 1 

5= [F][Q] ~[F][Q] [Q] [8.16] 

We can substitute fluorescence intensities for the fluoro- 
phore concentrations, and rearrangement of Eq. [8.16] 
yields 

Note that the dependence of Fq/F on [Q] is linear and is 
identical to that observed for dynamic quenching except 
that the quenching constant is now the association con- 
stant Unless additional information is provided, fluores- 
cence quenching data obtained by intensity measurements 
alone can be explained by either a dynamic or a static 
process. As will be shown below, the magnitude of fa can 
sometimes be used to demonstrate that dynamic quenching 
cannot account for the decrease in intensity. The measure- 
ment of fluorescence lifetimes is the most definitive 
method to distinguish static and dynamic quenching. Static 
quenching removes a fraction of the fluorophores from 
observation. The complexed fluorophores are nonfluores- 
cent, and the only observed fluorescence is from the un- 
complexed fluorophores. The uncomplexed fraction is 
unperturbed, and hence the lifetime is io. Therefore, for 
static quenching Vt= 1 (Figure 8.1, right). In contrast, for 
dynamic quenching, vjx - Fq/F. 

Besides measurement of fluorescence lifetimes, static 
and dynamic quenching can often be distinguished on the 
basis of other considerations. Dynamic quenching depends 
upon diffusion. Since higher temperatures result in larger 
diffusion coefficients, the bi molecular quenching con- 
stants are expected to i ncrease wi th increasi ng temperature 
(Figure 8.1), More specifically, k q is expected to be pro- 
portional to Tlr\ since diffusion coefficients are propor- 
tional to this ratio (Eq. [8.13]). In contrast, increased 
temperature is likely to result in decreased stability of 
complexes, and thus lower values of the static quenching 
constants. 

One additional method to distinguish static and dynamic 
quenching is by careful examination of the absorption 
spectra of the fluorophore. Collisional quenching only 
affects the excited states of the fluorophores, and thus no 
changes in the absorption spectra are expected. In contrast, 
ground-state complex formation will frequently result in 
perturbation of the absorption spectrum of the fluorophore. 
In fact, a more complete form of Eq. [8.17] would include 
the possibility of different extinction coefficients for the 
free and complexed forms of the fluorophore. 
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8.4. COMBINED DYNAMIC AND STATIC 
QUENCHING 

In many instances the fluorophore can be quenched both 
by collisions and by complex formation with the same 
quencher. The characteristic feature of the Stem- Vol mer 
plots in such circumstances is an upward curvature, con- 
cave toward the y-axis (Figure 8.2). Then the fractional 
fluorescence remaining (F/Fo) is given by the product of 
the fraction not complexed (/) and the fraction not 
quenched by collisional encounters. Hence, 



where 



[8.18] 



In the previous section we found that f~ l = 1 + Ks[Q\. 
Inversion of Eq. [8.18] and rearrangement of the last term 
on the right yields 



Fo 
F * 



(l+*0[Q])(l+*siQl) 



[8.19] 



This modified form of the Stem-Volmer equation is sec- 
ond-order in [Q], which accounts for the upward curvature 
observed when both static and dynamic quenching occur 
for the same fluorophore. 

The dynamic portion of the observed quenching can be 
determined by lifetime measurements. That is, V** = 1 + 
*z>tQ]. If lifetime measurements are not available, then Eq. 
[8. 19] can be modified to allow a graphical separation of Ks 
and K D . Multiplication of the terms in parentheses yields 



^=l+(^ + ^)[Q] + ^5[Q] 2 



[8.20] 



[8.21] 
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= (K d + Ks) + KdK^Q\ [822] 



The apparent quenching constant is calculated at each 
quencher concentration. A plot of K^p versus [Q] yields a 
straight line with an intercept of Kd + Ks and a slope of 
KdKs (Figure 8.2). The individual values can be obtained 
from the two solutions of the quadratic equation obtained 
(see Eq. [8.23]). The dynamic component can generally be 
selected to be the solution comparable in magnitude to the 
expected diffusion-con trolled value. Alternatively, the 
temperature or viscosity dependence of the values, or other 
available information, may be used as a basis for assigning 
the values. 



8.5. EXAMPLES OF STATIC AND 
DYNAMIC QUENCHING 

Before proceeding with additional theories and examples 
of quenching, it seems valuable to present some examples 
which illustrate both static and dynamic quenching. Data 
for oxygen quenching of tryptophan are shown in Figure 
8.3. 14 The Stem-Volmer plot is linear, which indicates that 
only one type of quenching occurs. The proportional de- 
crease in the fluorescence lifetime and yields proves that 
the observed quenching is due to a diffusive process. From 
the slope of the Stem-Volmer plot, one can calculate that 
Kd - 32.5 M~ 1 , or that 50% of the fluorescence is quenched 
at an oxygen concentration of 0.031 M. The value of Kd 
and the fluorescence lifetime are adequate to calculate the 
bimolecular quenching constant, A, - 1 2 x 1 0 10 AT 1 s" 1 . 
This is the value expected for the diffusion controlled 
bimolecular rate constant between oxygen and tryptophan 
(Eq. [8.1 1]), which indicates efficient quenching by mo- 
lecular oxygen. 

Static quenching is often observed if the fluorophore and 
quenchercan have a stacking interaction. Such interactions 
often occur between purine and rjyrimidine nucleotides 
and a number of fluorophores. 17-19 One example is 
quenching of the coumarin derivative C- 120 by the nucleo- 
sides uridine (U) and deoxycytidine (dC). The intensity 
S tern-Yblmer plot for quenching by U shows clear upward 
curvature (Figure 8.4). The lifetime Stem- Vblmer plot is 
linear and shows less quenching than the intensity data. It 
is clear that the intensity of C-120 is being decreased by 
both complex formation with U as well as collisional 
quenching by U. Contrasting data were obtained for 
quenching of C-120 by dC In this case, the Stem-Volmer 
plots are linear for both intensities and lifetimes, and F 0 IF 
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rescenee lifetimes (o) tnd yield* (•). Revised from Ref. 1 4. 



= To h. Hence, quenching of C-120 by dC is purely dy- 
namic. 

For quenching of C-120 by U, the static and dynamic 
quenching constants can be determined from a plot of 
versus [U] (Figure 8.5). The slope (5) and intercept (/) 
were found to be 158 AT 2 and 25.6 AT 1 , respectively. 
Recalling that / = K D + K s and S - KdK s . rearrangement 
yields 



[8.23] 




20 40 60 
[U] or [dC],mM 

Figure t>4. Quenching of conniann C 1 20 by die nucleosides uridine 
(A, FJF; a, t(/t) and deoxycytidtoe (0, FJF ; •» itfz). The sample was 
excited at the iaoabeatic point at 360 no. Revised and reprinted, with 
permission, fiom Ref. 19. Copyright O 1996, American Chemical Sod. 
ety. 



32 
30 



1 28 

1" 

24 

0 



u 






Slope 




K„«K S -158 M~* 








Ko-15.2 M"' 




K, -10.4 M- 1 


~S Ko* K.-25.6M- 1 






K-K 0 ««8 M"* 1 


• • • 




1 1 1 1 1 



0.02 0.04 
Cu3 or CdC] 



0.06 



Figure 8.5. Separation of the dynamic and static quenching constants 
focquejKhingof C-]20by UordC. DaU from Ref. 19. 



The solutions for this quadratic equation are Ks = 15.2 or 

1 0.4 M~ x . From the lifetime data, we know that Kd is near 

1 3.5 AT 1 . The lower value of 1 0.4 AT 1 was assigned as the 
static quenching constant. At a uridine concentration of 
96mAf, 50% of the ground state C-120 is complexed and 
thus no nflu orescent 

It is interesting to mention why the interactions of nu- 
cleosides and nucleotides with C-120 were studied. The 
goal was to develop a method for DNA sequencing using 
asmgleelectrophoretic lane for all four nucleotides.' 9 This 
would be possible if coumarin derivatives could be identi- 
fied which display different lifetimes when adjacent to 
each nucleotide. The DNA sequence could then be deter- 
mined from the lifetimes observed for each band on the 
sequencing gel. The use of lifetime measurements in fluo- 
rescence sensing is described in Section 19.2.B. and DNA 
sequencing is described in Section 21.1. 



8.6. DEVIATIONS FROM THE 
STERN-VOLMER EQUATION; 
QUENCHING SPHERE OF ACTION 

Positive deviations from the Stern-Volmer equation are 
frequently observed when the extent of quenching is large. 
Two examples of upward-curving Stem-Volmer plots are 
shown in Figures 8.6 and 8.7 for acrylamide quenching of 
NATA and of the fluorescent steroid dihydroequilenin 
(DHE), respectively. The upward-curving Stera-\folmer 
plots could be analyzed in terms of the static and dynamic 
quenching constants (Eq. [8.191). This analysis yields Ks 
values near 2.8 and 5.2 AT 1 for acrylamide quenching of 
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NAT A Quenching by Acrylamide 




[acrylamioe] ( m 

Figure B.6. AaryUmide quenching of NATA io water. •, FJF\ O. 
Ftf(FeW\ where V = 2.0 AT 1 . Revued from Ref. IS. 



NATA and DHE, respectively. These values imply that 
quencher concentrations near Q3M are required to quench 
one-half of the fluorophores by a static process. Such a 
weak association suggests that the fluorophores and 
quenchers do not actually form a ground-state complex. 
Instead, it seems that the apparent static component is due 
to the quencher being adjacent to the fluorophore at the 
moment of excitation. These closely spaced fluorophore- 
quencher pairs arc immediajdy quenched and thus appear 
to be dark complexes. 

This type of apparent static quenching is usually inter- 
preted in terms of a "sphere of action" within which the 
probability of quenching is unity. The modified form of the 
Stern- Vblmer equation which describes this situation is 

y = 0 + K D [Q\) exp([QJVtf/1000) [8-24] 

where Vis the volume of the sphere. 21 The data in Figures 
8.6 and 8.7 are consistent with a sphere radius near 1 0 A, 
which is only slightly larger than the sum of the radii of 




[ACRYLAMIDE] (M) 

Figure 1.7. AoyUmide quenching of dihydroequilenin (DHE) in buff- 
er containing 10* sucrose tl 1 1 "C m, FtfF\ a, t</r, o, f o'( ftVJQ1 ). 
where V = 2.4 AT 1 . Revised snd reprinted, with pennusion, from Ref. 
20, Copyright O t990, American Chemical Society. 



the fluorophore and quencher. When the fluorophore and 
quencher are this close, there exists a high probability that 
quenching will occur before these molecules diffuse apart. 
As the quencher concentration increases, the probability 
increases that a quencher is within the first solvent shell of 
the fluorophore at the moment of excitation. 

8.6 JV. Derivation of the Quenching 
Sphere of Action 

Assume the existence of a sphere of volume V within 
which the probability of immediate quenching is unity. 
Intuitively, if a fluorophore is excited when a quencher is 
immediately adjacent, then this fluorophore is quenched 
and is therefore unobservable. The only observable fluoro- 
phores are those for which there are no adjacent quenchers. 
The modified form of the Stern- Volmer equation (Eq. 
[8.24]) is derived by calculating the traction of fluoro- 
phores which do not contain a quencher within their sur- 
rounding sphere of action. 21 

The Poisson probability distribution states that the prob- 
ability of finding a volume V with n quenchers is 



where X is the mean number of quenchers per volume V. 
The average concentration of quenchers (in mole- 
cules/cm 1 ) is given by [Q]tf/1000, and hence the average 
number of molecules in the sphere is X - VfQjAVlOOO. 
Only those fluorophores without nearby quenchers are 
fluorescent The probability that no quenchers are nearby 
is 

/>(0) = <T* [8.26] 

Thus, the existence of the sphere of action reduces the 
proportion of observable fluorophores by the factor 
exp(-VtQ]tf/l00O), which in turn yields Eq. [8.24]. 
Division of the values of Fo/F by exp(V(Q]A71000) 
corrects the steady-state intensities for this effect and 
reveals the dynamic portion of the observed quenching 
(Figures 8.6 and 8.7). For simplicity, the static term is often 
expressed in terms of reciprocal concentration. 



8.7. EFFECTS OF STERIC SHIELDING 
AND CHARGE ON QUENCHING 

The extent of quenching can be affected by the environ- 
ment surrounding the fluorophore. One example is the 
quenching of the steroid DHE by acrylamide. When free 
in solution, DHE is readily quenched by acrylamide. How- 
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rigurr S.S. Acryltmide quenching of DHE when free in solution (— ) 
and when bound to rteroid binding protein (SBP; afl. RevUed and re- 
printed, with perremioo, from Ref. 20, Copyright 0 1990. American 
Chemical Society. 



ever, when bound to a steroid binding protein (SBP), much 
less quenching occurs (Figure 8.8). In fact, the modest 
amount of quenching observed was attributed to dissocia- 
tion of DHE from the protein. 30 Protection from quenching 
is frequently observed for probes bound to macromole- 
cules 22 " 23 and even cyclodextrins. 14 In fact, binding of 
probes to cyclodextrins has been used as a means of 
obtaining roorn- temperature phosphorescence. 29 The mac- 
romolecules or cyclodextrins provide protection from the 
solvent but usually not complete protection from diffusing 
quenchers. Such solutions are usually purged to remove 
dissolved oxygen in order to observe phosphorescence. 

The electronic charge on the quenchers can also have a 
dramatic effect on the extent of quenching (Figure 8.9). 
This is illustrated by quenching of 1-ethylpyrene (EP) in 
micelles, where the detergent molecules have different 
charges. 26 The quencher was p-tf JV-dirt*tmylaiuline sul- 



fonate (DMAS), which is negatively charged. The micelles 
were positively charged [dodecyltrimethylammonium 
chloride (DTAQJ, neutral (Brij 35). or negatively charged 
[sodium dodecyl sulfate (SDS)]. There is extensive 
quenching of EP in the positively charged DTAC micelles, 
and essentially no quenching in the negatively charged 
SDS micelles. In general, one can expect charge effects to 
be present with charged quenchers such as iodide and to 
be absent for neutral quenchers like oxygen and acryl- 
amidc. 

8.7.A. Accessibility of DNA-Bound 
Probes to Quenchers 

The most dramatic effects of charge and shielding on 
quenching have been observed for fluorophores bound to 
DNA. One can expect the extent of quenching to be de- 
creased by intercalation of probes into the DNA double 
helix. For instance, EB bound to DNA was found to be 
protected from oxygen quenching by a factor of 30 as 
compared to EB in solution. 14 Given the high negative 
charge density of DNA, one can expect the quenching to 
be sensitive to the charge of the quencher, the ionic strength 
of the solution, and the rate of quencher diffusion near the 
DNA heUx. 27 ' 2 » 

Collisional quenching by oxygen was used to study 
quenching of several DNA- bound probes. 29 - 30 Oxygen was 
chosen as the quencher because it is neutral and should thus 
be unaffected by the charge on the DNA. The probes were 
selected to have different sizes and different modes of 
binding to DNA (Figure 8. 10). Proflavine intercalates into 
double-helical DNA and was expected to be protected 
from quenching. In fact, the bimolecular quenching con- 
stant was less than 10% of the diffusion-controlled rate 




2 3 
[DMAS],mM 

Figure 1.9. Qweachioj of l-etfaytpyrene (EP) by^.A/-<nmetbyianU- 
ine ralfooaie (DMAS), is positively cfearjed mioeJles of dodecyl- 
tainuthytanuaooium cUoride (DTAC), neutral micelles of Brij 35, or 
Degatively dinged micelles of sodium dodecyl *auatc (SDS). Revised 
from Ref. 26. 
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Table 9.2. Decay Times and Oxygen Quenching 
Constants of Probes Bound to DNA a 



Fluotophore Type of complex 






Proflavine Iitocsiadoo 


63 


<D.| x I0 W 


Corooeac Putud in tools doc 


225 


anxio w 


Hoodut 33258 Minor groove 


3.5 


I.I x I0 10 



*Rtf.». 



(Table S^.The*, value for proflavine may besmallerthan 
shown, as there was little quenching under these experi- 
mental conditions. Hoechst 33258 is known to bind to the 
minor groove of DNA. Surprisingly, the value for 
Hoechst 33258 bound to DNA was near the diffusion-con- 
trolled limit, suggesting complete accessibility by oxygen. 
The behavior of coronene was intermediate. Coronene is 
rather large and not able to fully fit into a DNA helix. The 
intermediate value of k r reflecting partial exposure to 
water, was explained as due to partial intercalation of 
coronene. These results illustrate how the extent of probe 
exposure can be correlated with the bimolecular quenching 
constant Knowledge of the unquenched fluorescence life- 
times was essential for calculating the values of k q from 
the Stern- Volmer quenching constants. 

The extent of quenching can also be affected by the 
charge on the quenchers. This is illustrated by iodide 
quenching of Hoechst 33258 when free in solution and 
when bound to DNA (figure 8.11). Hoechst 33258 is 
readily quenched by iodide when free in solution but is not 
quenched when bound to DNA. In the previous paragraph 
we saw that Hoechst 33258 bound to DNA was completely 
accessible to the neutral quencher oxygen. Apparently, the 
negative charges on DNA prevent iodide from coming into 
contact with Hoechst 33258 when bound to the minor 
groove of DNA. 




[IOOIDE] (M) 



Figure 8.1 1. Iodkbquenel^»fHiiccl^332MiQlh>^w(»)iiid 
presence (A) of caJf thymus DNA. The Ionic strength was fccftf coasts* 
using KCL Revised from Ret 31. 



8.7. B. Quenching of Ethenoadenine 
Derivatives 

The nucleotide bases of DNA are mostly nonfluorescent 
Fluorescent analogs of adenine nucleotides have been cre- 
ated by addition of an etheno bridge, the so-called e-ATP 
derivatives (Chapter 3). Depending on the pH and extent 
of phosphorylation, the charge on the ethenoadenine nu- 
cleotides ranges from -3 for E-ATP to 0 for ethenoadenos- 
ine. Hence, one expects the extent of quenching to depend 
on the charge of the quencher. 

Stern -Volmer plots for the various ethenoadenine nu- 
cleotides are shown in Figure 8.12. For the neutral 
quencher acrylarnide, there is no effect of charge. For the 
positively charged quencher Tl*. the largest Stern-Vblmer 
constant was observed for e-ATP, with progressively 
smaller values as the number of negatively charged phos- 
phates decreased. The opposite trend was observed for 
iodide quenching. Such effects of charge on quenching can 
be used to determine the local charge around fluorophores 
on proteins based on quenching by positive, neutral, and 
negatively charged quenchers. 52 " 54 



8.8. FRACTIONAL ACCESSIBILITY TO 
QUENCHERS 

Proteins usually contain several tryptophan residues that 
are in distinct environments. Bach residue can be differ- 
ently accessible to quencher. Hence, one can expect com- 
plex Stem -Volmer plots and even spectra] shifts due to 
selective quenching of exposed versus buried tryptophan 
residues. One example is quenching of lysozyme. This 
protein from egg white has six tryptophan residues, several 
of which are known to be near the active site. Lysozyme 
fluorescence was measured as a function of the concentra- 
tion of triflucroacetaraide (TFA), which was found to be a 
collisions! quencher of the fluorescence. 33 The Stern- 
Volmer plot curves downward toward the x-axis (figure 
8.13. left). As will be described below, this is a charac- 
teristic feature of two fluorophore populations, one of 
which is not accessible to the quencher In the case of 
lysozyme, the emission spectrum shifts progressively to 
shorter wavelengths with increasing TFA concentration 
(Figure 8.13, right). This indicates that those tryptophan 
residues emitting at longer wavelengths are quenched 
more readily than the shorter- wavelength tryptophans. 

The emission spectrum of the quenched residues can be 
calculated by taking the difference between the un- 
quenched and quenched emission spectra. This difference 
spectrum (Figure 8.13, right) shows that the quenched 
residues display an emission maximum at 348 nm. The 
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protected residues display an emission maximum at 333 



[8.27] 



8.8.A. Modified Stern-Volmer Plots 

The differing accessibilities of tryptophan residues in pro- 
teins have resulted in the frequent use of quenching to 
resolve the accessible and inaccessible residues. 3 * Suppose 
that there are two populations of fluorophores, one being 
accessible (a) to quenchers and the other being inaccessible 
or buried (b). In this case the Stern-Volmer plot will 
display downward curvature (Figure 8.1 3). The total fluo- 
rescence In the absence of quencher (fb) is given by 



Lysozyme 




Hpjrt 8,13. Qucadiiqg of lyiozyine by trifluonMceCuakfc (TFA). 
Ltft Stero-Vtolmer plot Rl x hr En»»kw ipoctr* with Incnswir^ cencen 
Irttfcw of TFA. Abo shown u the cttffwoncc ipectram (dtS), 0.0M - 
0.77 A/ TFA. Reviled and reprinted from Ref. 35. Oopyrijht 0 1984, with 



where the 0 subscript once again refers to the fluorescence 
intensity in the absence of quencher. In the presence of 
quencher, the intensity of the accessible fraction (£) is 
decreased according to the Stern-\folmer equation, 
whereas the buried fraction is not quenched Therefore, the 
observed intensity is given by 



+ F ob 



[8.28] 



where Kt is the Stern-Volmer quenching constant of the 
accessible fraction and [Q] is the concentration of 
quencher. Subtraction of Eq. [8.28] from Eq. [8.27] yields 



( *«IQ] ) 



[8.29] 



Inversion of Eq. [8.29] followed by division into Eq. [8.27] 
yields 



1 



1 



AF fMQ] T fa 



[8.30] 



what f M is the fraction of the initial fluorescence which is 
accessible to quencher. 



Foa 



Fot + Fto 



[8.31] 



This modified form of the Stern-'Volmer equation allows 
f» and Km to be determined graphically (Figure 8.14). A plot 
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of Fo/AF versus 1/[Q] yields as the intercept and 
(fgfUT 1 as the slope. A ^-intercept of f} may be under- 
stood intuitively. The intercept represents the extrapolation 
to infinite quencher concentration (1/[Q] = ©)• The value 
of Fo/(Fo - F) at this q uencher concentration represents the 
reciprocal of the fluorescence which was quenched. At 
high quencher concentration, only the inaccessible resi- 
dues will be fluorescent 

In separation of the accessible and inaccessible fractions 
of the total fluorescence, it should be realized that there 
may be more than two classes of tryptophan residues. Also, 
even the presumed "inaccessible" fraction may be partially 
accessible to quencher. This possibility is illustrated by the 
dashed curves in Figure 8.14, which show the expected 
result if the Stern- Vblmer constant for the buried fraction 
(X*) is one-tenth of that for the accessible fraction 
(A* « 0.1 K a ). For a limited range of quencher concentra- 
tions, the modified Stern- Vblmer plot can still appear to 
be linear. The extrapolated value of A would represent an 
apparent value somewhat larger than seen with K k = 0. 
Hence, the modified Stern- Yblmer plots provide a useful 
but arbitrary resolution of two assumed classes of trypto- 
phan residues. 

8.8.B. Experimental Considerations in 
Quenching f — 

Although quenching experiments are straightforward* 
there are several potential problems. One should always 
examine the emission spectra under conditions of maxi- 
mum quenching. As the intensity is decreased, the contri- 
bution from background fluorescence may begin to be 
significant Quenchers are often used at high concentra- 
tions, and the quenchers themselves may contain fluores- 
cent impurities. Also, the intensity of the Raman and 
Rayleigh scatter peaks is independent of quencher concen- 
tration. Hence, the relative contribution of scattered light 
always increases with quenching. 

It is also important to consider the absorption spectra of 
the quenchers. Iodide and acrylamide absorb light below 
290 am. The inner filter effect due to their absorption can 
decrease the apparent fluorescence intensity and thereby 
distort the quenching data. Regardless of the quencher 
being used, it is important to determine if the inner filter 
effects are significant. If inner filter effects are present, the 
observed fluorescence intensities must be corrected The 
lifetime measurements are mostly independent of inner 
filter effects because these measurements are relatively 
independent of total intensity. 

When iodide or other ionic quenchers are used, it is 
important to maintain a constant ionic strength. This is 
usually accomplished by addition of KC1. When iodide is 
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Figure 6.14. Stent-Vatmer {top) and Modified Stern- Vblmer plots 
(bottom) for two populations of flu<»i>phort^oi»eofwlikiiuin»cce*»aje 
to quencher. The dashed curves show the effect of the H uuccc*sibk a> 
population being quenched with a K vatoe one-tenth of that for the 



used, it is also necessary to add a reducing agent such as 
NajSaQ,. Otherwise, Ij is formed, which is reactive and 
can partition into the nonpolar regions of proteins and 
membranes. 



8.9. APPLICATIONS OF QUENCHING 
TO PROTEINS 

8.9.A. Fractional Accessibility of 
Tryptophan Residues in Endonuclease III 

Since the pioneering study of lysozyme quenching, 3 * there 
have been numerous publications on determining the trac- 
tion of protein fluorescence accessible to quenchers. 37 " 4 ' 
In Section 16.5 we show that protein i in the native state 
often display a fraction of the emission which is not 
accessible to water-soluble quenchers and that denatura- 
tion of the proteins usually results in accessibility of all the 
tryptophan residues to quenchers. The possibility of buried 
and exposed residues in a single protein is illustrated by 
endonuclease III (endo HI). En do HI is a DNA repair 
enzyme which displays both ^glycosylate and 
aptirinine/apyrimidinic lyase activities. The structure of 
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Figure 8.1 5. Structure of end o 111. showing \hc exposed residue trp. 132 
and the buried residue trp-!78 rev the iron-sulfur duster. Courtesy of 
Dr. Charles P. Scholes. 

endo 111 shows two domains, with the DNA binding site in 
the cleft region. Endo III contains two tryptophan resi- 
dues. 40 Trp-132 is exposed to the solvent, and trp-178 is 
buried in one of the domains (Figure 8.15). Hence, one 
expects these residues to be differently accessible to water- 
soluble quenchers. 

The modified Stern-Volmer plot for quenching of endo 
III by iodide shows clear evidence for a shielded fraction 
(Figure 8.16). Extrapolation to high iodide concentrations 
yields an intercept near 2, indicating that only half of the 
emission can be quenched by iodide. This suggests that 
both trp residues in endo III are equally fluorescent and 
that only one residue (trp- 1 32) can be quenched by iodide. 
Similar results have been obtained for a large number of 
proteins, and the extent of quenching is known to depend 
on the size and polarity of the quenchers. 6,7 Quenching of 
solvent-exposed residues in proteins is now a standard tool 
in the characterization of proteins. 
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Figure 8.1 6. Modified Stern-Volmer plot for Iodide quenching of endo 
111, showing evidence for two types of tryptophan residues. The iiucces- 
sible friction is/ fl = 0.47. Revised from Ref. 40. 



8.9 .B. Effect of Conformational Changes 
on Tryptophan Accessibility 

The conformational state of a protein can have an influence 
on the exposure of its tryptophan residues to solvent This 
is illustrated by the cyclic AMP receptor protein (CRP) 
from Escherichia coli. 41 This protein regulates the expres- 
sion of over 20 genes in E. coll CRP consists of two 
identical polypeptide chains, each containing 209 amino 
acids. It contains two nonidentical trp residues at positions 
13 and 85. 

Stern-Volmer plots for the quenching of CRP by acryl- 
amide in the absence and in the presence of bound cyclic 
AMP (cAMP) are shown in Figure 8. 1 7. In the absence of 
cAMP. the Stern-Volmer plot shows obvious downward 
curvature, indicating that one of the trp residues is inacces- 
sible or only slightly accessible to acrylamide. Binding of 
cAMP results in a dramatic change in the Stern-Volmer 
plot, which becomes linear. Apparently, binding of c AMP 
to the CRP causes a dramatic conformational change 
which results in exposure of the previously shielded trp 
residue. Changes in accessibility due to conformational 
changes have been reported for other proteins. 42 Binding 
of substrates to proteins can also result in shielding of 
tryptophan, as has been observed for lysozyme 36 and for 
wheat germ agglutinin. 35 

8.9.C. Quenching of the Multiple Decay 
Times of Proteins 

The intensity decays of proteins are typically multiexpo- 
nential. Hence, it is natural to follow the individual decay 
times as the protein is exposed to increasing concentrations 
of quencher. One example is provided by the investigation 
of the CRP protein just described 41 FD data for its intrinsic 
tryptophan emission yield decay times near 1 .5 and 6.8 ns. 
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Figure 8.17 Stem-Volmcr plot for scryliroide quenching of cAMP 
receptor protein in the absence (o) and in the presence (•) of cAMP. 
Revised fromRcf.41. 
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Similar decay times were observed in the absence and the 
presence of bound cAMP. For the protein without bound 
cAMP, the shorter decay time did not changewith increas- 
ing iodide concentration (Figure 8.18, top),' whereas the 
long lifetime decreased. This indicates that the 6.8-ns 
component is due to the exposed tip residue. The 1.5-ns 
component is not quenched by iodide and is assigned to 
the buried tip residue. In the presence of bound c AMP, both 
decay times are seen to decrease in the presence of iodide, 
indicating that both are quenched (Figure 8.18, bottom). 
These results agree with the linear Stern-Volmer plot 
found for CRP with bound cAMP (Figure 8. 17). 

While the results presented in Figure 8.18 show a clear 
separation of decay times, caution is needed when inter- 
preting decay times in the presence of quencher. For many 
proteins, the decay times will be closer than 1 5 and 6.8 ns, 
and the decay time for each trp residue can depend on 
emission wavelength. Hence, it may not be possible to 
assign a unique decay time to each tryptophan residue. 
Additionally, collisional quenching results in nonexponen- 
tial decays, even if the fluorophore shows a single decay 
time in the absence of quencher. This change in the inten- 
sity decay is due to transient effects in quenching, which 
are due to the rapid quenching of closely spaced flouro- 
phore-quencher pairs, followed by a slower quenching 
rate due to quencher diffusion. The presence of transient 
effects results in additional nanosecond decay times. The 
apparent lifetimes for each residue will be weighted aver- 
ages that depend on the method of measurement. The 
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Figure 8.1 B. loaidc-<iependent decay times of CRP in the absence (top) 
and in the presence (bottom) of bound cAMP. Revised from Ref. 41. 



assignment of decay times to trp residues in the presence 
of quenching can be ambiguous. Transient effects in 
quenching are described in the following chapter. 

8.9.D. Effects of Quenchers on Proteins 

When one performs quenching experiments, it is important 
to consider whether the quencher has an adverse effect on 
the protein. Some quenchers, such as 2,2,2-trichlo- 
roethanol, are known to bind io proteins and induce con- 
formational changes. 43 For a time it was thought that 
acrylamide bound to proteins, but it is now accepted that 
such binding does not occur except in several specific 
cases. 44-46 However, even the nonperturbing quencher 
acrylamide can affect certain proteins, as was found for 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 47 
This protein contains three tryptophan residues in each 
subunit of the tetrameric enzyme. Quenching of the apoen- 
zyme, which lacks NAD + , by acrylamide yields a Stern- 
Volmer plot that is highly unusual. The extent of quenching 
increases rapidly above 0AM acrylamide (Figure 8.19). 
This effect is not seen for the holoenzyme, which contains 
bound NAD*. Acrylamide also caused a slow loss of 
activity and reduction in the number of thiol groups, Acryl- 
amide appears to bind to GAPDH, reacting with the protein 
and destroying its activity. 

8.9.E. Protein Folding of Colicin E1 
• Advanced Topic • 

Colicin El is a 522-residue polypeptide which is lethal to 
strains of E. coli that do not contain the resistance plasmid. 
Colicin El exerts its toxic effects by forming a channel in 
the cytoplasmic membrane which depolarizes and deener- 
gizes the cell. The active channel-forming domain consists 
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Figure B.I 9. Acrylamidequcnching of OAPDH in the absence (•) and 
in the pretence (o) of the cofactof NAD*. Revised from Ref. 47. 
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Figure 8.20. Stern-VWmer plots for acrylaraide quenching of NATA 
00 and three ti ogle -tryptophan muuntt of the channel-forming peptide 
of colicin El , W-355 <•), W-460 (a), and W-443 <■). Revised from Ref. 
48. 



of about 200 residues from the, carboxy terminus, which 
form 10 a-helices spanning the membrane. 

The conformation of the membrane-bound form of the 
colicin £1 channel peptide was studied by aery 1 amide 
quenching. 48 Twelve single-try ptophan mutants were 
formed by site-directed mutagenesis. The tryptophan resi- 
dues were mostly conservative replacements, meaning thai 
the trp residues were placed in positions previously con- 
taining phenylalanine or tyrosine. Stern- Volmer plots for 
acrylamide quenching of three of these mutant proteins 
and of NATA are shown in Rgure 8.20. The accessibility 
to acrylamide quenching is strongly dependent on the 
location of the residue, and all residues are shielded rela- 
tive to NATA. Depending on position, the trp residues also 
showed different emission maxiroa (Figure 8.21). Tlte 
acrylamide bimolecular quenching constants were found 
to closely follow the emission maxima, with lower values 
of k q for the shorter- wavelength tryptophans. Such data can 
be used to suggest a folding pattern for the channel-form- 
ing peptide and to reveal conformational changes that 
occur upon pH activation of colicin El. 




RESIDUE NUMBER 



Figure 8.21 . Emittioo maxima (top) and biraoteculu Quenching con- 
stants (bottom) of 12 linglc-tryptophan mutant* of the duMel-formlng 
peptide of colicin El. Revised and reprinted, with permission, from Ref. 
U, Copyright O 1 993, American Chemical Society. 



8.10. QUENCHING-RESOLVED 
EMISSION SPECTRA 
• Advanced Topic • 

8.1 0.A. Fluorophore Mixtures 

As shown in Section 8.8, the emission spectra of proteins 
often shift in the presence of quenching. This effect occurs 
because the various trp residues are differently sensitive to 
quenching. Stated alternatively, for a mixture of fluoro- 
phores, quenching is expected to be dependent on the 
observation wavelength. This concept has been extended 
to calculation of the underlying emission spectra from the 
wavelength-dependent quenching data. 4 *" 54 This is ac- 
complished by measuring a Stern- Vol mer plot for each 
emission wavelength (X). For more than one fluorophore. 
the wavelength-dependent data can be described by 

JW y [8.32] 
Fr/X) ^1 + *A)IQ] 

where f^X) is the fractional contribution of the ith fluoro- 
phore to the steady-state intensity at wavelength X, and 
Kj(X) is the Stern-Volmer quencher constant of the ith 
species at A, For a single fluorophore, the quenching 
constant is usually independent of emission wavelength, 
i.e., AXX) = Ki. 

In order to resolve the individual emission spectra, the 
data are analyzed by nonlinear least-squares analysis. 
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Typically, one performs a global analysis in which the re- 
values are global, and the ffi.) values are variable at each 
wavelength. The result of the analysis is a set of Kj values, 
one for each component, and the fractional* intensities 
ftk) at each wavelength, with ■ 1.0. The values of 
/<X) are used to calculate the emission spectrum of each 
component, 



F(X) is the steady-state emission 



[8.33] 
of the 



The use of quenching- resolved spectra is illustrated by 
a sample containing both DPH and 5-((((2-iodoace- 
tyl)airano)ethyl)amino)naphthalene-l -sulfonic acid 
(IAEDANS). These fluorophores were studied in SDS 
micelles, where their emission spectra are distinct (Figure 
822). DPH is not soluble in water, so all the DPH is 
expected to be dissolved in the SDS micelles. IAEDANS 
is water-soluble and negatively charged, so it is not ex- 
pected to bind to the negatively charged SDS micelles. 
Hence, IAEDANS is expected to be quenched by the 
water-soluble quencher acrylamide, and DPH is not ex- 
pected to be accessible to acrylamide quenching. 

Stem-Volmer plots for acrylamide quenching of the 
DPH-IAEDANS mixture as wctyarthe individual fluoro- 
phores are shown in Figure 8.23. As predicted from the 
solubilities of the probes and acrylamide in water, DPH is 
weakly quenched by acrylamide. In contrast, IAEDANS is 
strongly quenched. The extent of quenching for the mix- 
ture is intermediate between that observed for each probe 
alone. As expected for a mixture of fluorophores, the 
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Figuret.22. «Ulcerei«io<i ipectrt of E>PH (~) uui IAEDANS 

H ) in \2mU SDS micetks a 23 *C The concentration of DPH wit 
2jiaY, and that of IAEDANS wm 170utf. The exdtatioa wavelength was 
337 nia. Revised from Ret 49. 
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Figure 6.23. Stem-Volmer plots for acrylamide quenching of 
IAEDANS (O). DPH (•). and IAEDANS and OPH (a) in SDS niceties. 
For the mixture, the aolid line repceaentt the fit *Uh calculated parameter! 
JTl = 9.9 AT 1 , K 2 « 0 AT 1 ,/! * 0.69, and/ 2 = 0.3 1 at 473 ml The lower 
panel shows the residual* for this fit Revised from Ref. 49. 



Stem-Volmer plot curves downward due to the increasing 
fractional contribution of the more weakly quenched spe- 
cies at higher quencher concentrations. 

The curvature in the Stem-Volmer plots was used to 
recover the values of K,{X) and /{A) at each wavelength. In 
this case the Kfo) values were not used as global parame- 
ters, so that £|(A) and K 2 (X) were obtained for each wave- 
length. At alt wavelengths, there were two values near 
0.5AT 1 and 9.5AT 1 , representing the quenching constants 
of DPH and IAEDANS, respectively. At the shortest wave- 
length, below 420 run, there is only one jff,{A) value be- 
cause only DPH emits. The recovered values of f{k) were 
used to calculate the individual spectra from the spectrum 
of the mixture (Figure 8.24). In Chapters 4 and 5 we saw 
how the component spectra for heterogeneous samples 
could be resolved using the TD or the FD data. The use of 
wavelength-dependent quenching provides similar results, 
without the use of complex instrumentation. Of course, the 
method depends on the probes being differently sensitive 
to collisional quenching, which normally occurs if the 
decay tiroes are different 

8.10.B. Quenching- Resolved Emission 
Spectra of the £ co/i Tet Repressor 

The Tet repressor from £ colt is a DNA-binding protein 
which controls the expression of genes that confer resis- 
tance to tetracycline. This protein contains two tryptophan 
residues at positions 43 and 75. W43 is thought to be an 
exposed residue, and W75 is thought to be buried in the 
protein matrix. 54 Earlier studies of single- tryptophan mu- 
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Figure L24. Bottom: Eralsskmspectran of the DfW-lAEDANS mix- 
ture and quenching-resol ved eiraasiott spectre of DPH (•) and IAEDANS 
(0). Top: Vfcvekngth dependence of the quenching constants, with aver- 
age vahies of Jf , = 9.6 AT 1 and K t - 0.47 AT 1 . Revised from Ref. 49. 



tants of the Tet repressor confirmed the accessibility of 
W43 to iodide and the shielding of W75 from iodide 
quenching. 55 Hence, this protein provided an ideal model 
protein with which to attempt quenching resolution of the 
individual emission spectra of two tryptophan residues in 
a protean. 

Stern- Volmer plots for iodide quenching of the Tet 
repressor were measured for various emission wave- 
lengths 54 (Figure 8.25). A larger amount of quenching was 
observed for longer wavelengths. When the quenching 
data were analyzed in terms of two components, one of 
these components was found to be almost inaccessible to 
iodide. For instance, at 324 nm the recovered values are/, 
= 0.34, *, * 16.2 hT\fx = 0.66, and K 2 » 0. The wave- 
length-dependent data were used to calculate the individ- 
ual spectra (Figure 8.26). The blue-shifted spectrum with 
a maximum at 324 nm corresponds to the inaccessible 
fraction, and the red-shifted spectrum with a maximum at 
349 nm is the fraction accessible to iodide quenching. 
These emission spectra are assigned to W-75 and W-43, 
respectively. 

The results in the top panel of Figure 8.26 illustrate one 
difficulty often encountered in the determination of 
queoching-resol ved spectra. The quenching constant for a 
single species can be dependent on emission wavelength. 
In this case the quenching constant of the accessible tryp- 
tophan changed about twofold across its emission spec- 
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trum. When this occurs, the values of K£\) cannot be 
treated as global parameters. 

The assignments of the quenching-resolved spectra are 
consistent with the results obtained using single-trypto- 
phan mutants of the Tet repressor 55 (Figure 8.27). little, if 
any, quenching was observed for the protein containing 
only W-75, and W-43 was readily quenched by iodide. 
Iodide quenching of the wild-type protein is intermediate 
between that of the two single-tryptophan mutants. While 
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Figure 12*. 
wikUypeTetn 
Top. Wr«Jongth-dcpeodeot value* of K, . From Ret 54. 
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Figure 8.27. Stem- Winer plots for the iodide qaeacfeing of £ coff let 
repressor (wild type, WT) and its mutmU (F43 and F75). Revised from 
Ref. 55. 

the same information is available from the mutant proteins, 
the use of quenching provided the resolved spectra with 
the use of only the wild-type protein. 

It is valuable to notice i difference in the method of data 
analysis for the modified Stern -Volmer plots (Section 
8.8.A) and for the q uenching-pe«p|vWemission spectra. In 
analyzing a modified Stern- Volmer plot, one assumes that 
a traction of the fluorescence is totally inaccessible to 
quenchers. This may not be completely true because one 
component can be more weakly quenched, but still 
quenched to some extent If possible, it is preferable to 
analyze the Stern- Volmer plots by nonlinear least-squares 
analysts when the / and AT, values are variable. With this 
approach, one allows each component to contribute to the 
data according to its fractional accessibility, instead of 
forcing one component to be an i na c c e s sible traction. Of 
course, such an analysis is more complex, and the data may 
not be adequate to recover the values of/, and K t at each 
wavelength. 



8.11. QUENCHING AND ASSOCIATION 
REACTIONS 

8.1 1,A. Quenching Due to Specific 
Binding Interactions 

In the preceding sections we considered quenchers that 
were in solution with the macromolecule but did not dis- 
play any specific interactions. Such interactions can occur 
and can appear to be of static quenching. 36-59 One example 
is provided by serum albumin. Serum albumin consists of 



a single polypeptide chain, with a molecular weight near 
65,000. Albumin is present in high concentrations in blood 
serum, 35-45 mg/ml, and is important for maintaining 
osmotic balance and for transport of hydrophobic species. 
Albumins have hydrophobic sites which are known to bind 
fatty acids and many fluorescent probes. Human serum 
albumin (HS A) has a single tryptophan residue, and bovine 
serum albumin (BSA) has two tryptophan residues. 

BSA and HSA can bind halogenated anesthetics. This 
binding is seen by the effect of chloroform (CHQ 3 ) on the 
fluorescence intensity of BSA (Figure 8.28). Addition of 
CHC1 3 is seen to result in a progressive decrease in the 
fluorescence intensity of BSA. In the paper in which these 
results were reported, 5 * there was no mention of photo- 
chemical effects, which we found surprising; in our expe- 
rience, excitation of tryptophan in the presence of CHC1 3 
results in the formation of blue fluorescent species. 

The dependence of the BSA emission on the CHQ 3 
concentration is shown in Figure 8.29 along with the 
effects ofCHd 3 on the emission of tryptophan and another 
protein, apomyoglobin. The effect of CHC3 3 on BSA is 
greater than that seen for up or apomyoglobin, suggesting 
a specific interaction with BSA. The fact that there is 
hydrophobic binding of GHC! 3 to BSA is shown by the 
effect of trifluoroethanol (TFE), which disrupts hydropho- 
bic binding. In 50% TFE, CHQ 3 no longer quenches BSA 
to the extent seen in water. 

How can one determine whether the quenching seen for 
BSA in water is due to CHQ 3 binding or to collision*! 
quenching? One method is to calculate the apparent bi- 
molecular quenching constant (k**). Assume that the de- 
cay time of BSA is near 5 ns. The data in Figure 8.29 
indicate a K S v value of 400 Af 1 . The fluorescence is 50% 
quenched at 2.5mAf CHC1 3 . These values correspond to 
a bi molecular quenching constant of V* 9 = 
8x 10 ,0 Ar' s\ which is about 10-fold larger than the 
maximum value possible for diffusion-limited quenching 
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Figure B.2L Emuaon tpectn of BSA b the presence of vinous 
coootnlndoM of chloroform. Revised from Ref, 58. 



256 



PRINCIPLES OF FLUORESCENCE SPECTROSCOPY 




[CHLOROFORM] (mM) 

Figure 8.29. Fluorescence intensities of BSA (•), tryptophan (■), and 
apumyoglobin (p) in the presence of virion* amounts of dissolved 
CHQy o, BSA in 50% ttifluoroeUwnol (TFE), which disrupts hydropho- 
bic binding to BSA. Revised from Ref. 58. 



in water. Hence, there must be some interaction that in- 
creases the local concentrations of CHQ 3 around the tip 
residues in BSA. Since there is no reason to expect ground- 
state complex formation between trp and CHQ3, the 
quenching may be dynamic. However, the CHQ 3 is prob- 
ably bound in close proximity to the tip residues, giving 
the appearance of a dark complex. 

Another example of quenching due to a specific binding 
interaction is shown in Figure 8.30 for binding of caffeine 
to HSA, an experiment most of us start each morning. The 
Stem-Volmer plots show a value of K S y =* 7 1 50 M~ l . This 
value is obviously too large to bedue to collisional quench- 
ing, especially for a lifetime near 5 ns. The value of k** is 
1.4 x 10 12 s~\ over 100-fold larger than the maximum 
diffusion- limited rate. Hence, the caffeine must be bound 
to the HSA. Caffeine is an electron-deficient molecule and 
may form ground-state complexes with indole. This pos- 
sibility could be tested by examination of the absorption 
spectra of HSA in the absence and presence of caffeine. If 
ground-state association with indole occurs, then the trp 
absorption spectrum is expected to change. Another indi- 
cator of complex formation is the temperature dependence 
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of the Stern- Volmer plots. For diffusive quenching, one 
expects more quenching at higher temperatures. In the case 
of HSA and caffeine, there is less quenching at higher 
temperatures (Figure 8.30), which suggests that the com- 
plex is less stable at higher temperatures. 

8.11 .B. Binding of Substrates to 
Ribozymes 

The catalytic properties of highly structured RNAs have 
been the subject of numerous studies since 1982, when it 
was first reported that certain RNAs, termed ribozymes, 
could display enzymatic activity. One example is the hair- 
pin ribozyme, which cleaves single- stranded RNA (Figure 
8-31). The early observations of quenching by nucleo- 
tides 17,11 (Section 8.5) provided the opportunity to study 
substrate binding to ribozymes. The substrate contained a 
fluorescein residue covalently linked at the 3'-eod. The 
hairpin ribozyme contains a guanosine residue at the 5'- 
end. Upon binding of substrate nucleotide to the ribozyme, 
the fluorescein emission is quenched (Figure 8.32). 
Quenching also occurs when the fluorescein-labebd sub- 
strate binds to the substrate-binding strand (SBS) which 
contains a 5'-guanosinc residue (G-SBS). The guanosine 
residue is needed for quenching, and the emission of 
fluorescein is unchanged in the presence of the substrate- 
binding strand without a 5Merminal guanosine residue 
(not shown in Figure 8.32). This example shows how 
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Figure 1.30. Quenching of HSA by 
Revised from Ref. 59. 



Figure 8.31. Structure of the hairpin ribozyme {HpRz) ind the fluo- 
rescein-! abekd subftrate. The substrate- binding strand is the region 
adjacent to die substrate. Reprinted, with permission, from Ref- 60 - 
Copyright O 1997, Cambridge University Press. 
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Figure 8.32. Emission spectra of the nuorescein-labefed substrate 
analog (dA ,) in solution and when bound to the hairpin ribozyme 
(HpRz) or Ae guanosinc-conUuning substnte-binding strand (G-SBS). 
From Re/. 60. 



tains acrylamide, there should be an increase in e-ADP 
fluorescence on binding to the helicase. 

Solutions of E-ADP were titrated with the helicase (Fig- 
ure 8.33). In the absence of aery 1 amide, there was little 
change in the e-ADP fluorescence. The titrations were 
performed again, in solutions with increasing amounts of 
acrylamide. Under these conditions, e-ADP showed an 
increase in fluorescence upon binding. This increase oc- 
curred because the e-ADP became shielded from acryl- 
amide upon binding to helicase. The authors also showed 
that acrylamide had no effect on the affinity of e-ADP for 
helicase. 61 In this system the use of a quencher allowed 
measurement of a binding reaction that would otherwise 
be difficult to measure. 



fundamental studies of nucleotide quenching have found 
useful applications in modem biochemistry. 

8.11 .C. Association Reactions and 
Quenching 

Fluorescence is often used to measure association reac- 
tions. This requires that the fluorescence of one of the 
reactants changes upon binding. While this often occurs, 
it is not always the case. One example is the binding of 
e-ADP to the DnaB helicase hexamer. The fluorescence of 
e-ADP displayed only a small increase upon binding to the 
protein. Collisional quenching was used to induce a larger 
change in fluorescence on binding. 61 Acrylamide is an 
efficient quencher of e-ADP, which should be quenched 
more strongly in solution than when bound to the helicase. 
Hence, if the binding is studied in a solution which con- 
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Figure 8 .33. Fluorescence titration of e-ADP, at a constant concentra- 
tion of nucleotide, with the DnaB helicase in buffer containing different 
concentrations of acrylamide. Revised and reprinted from Ref. 6 1 , Copy- 
right © 1 997. with permission from Elsevier Science. 



8.12. INTRAMOLECULAR QUENCHING 

Quenching cart also occur between covalcntly linked 
fluorophore-quencher pairs. 62,63 One common example is 
me formation of cxtiplexes by covalenUy linked aromatic 
hydrocarbons and amines,^ 5 Another example is the 
covalent adduct formation by Indole and acrylamide. For 
example* the lifetime of iV^acetyUrypiamlne is near 5.1 ns. 
When the acetyl group it replaced by an acryloyl group, 
the lifetime is induced to 31 ps (Ftgub 834). Similarly, 
covalentattaca^ to a Naphthalene deriva- 

tive reo^ifc lifetime from 33.7 to 1 1 as. 
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Figure 8.35. Structure of peptides containing naphthylalanine and 
p-bro mo phenyl alanine, separated by D (fop), 1 (middle), or 2 (bottom) 
amino acid residues. Revised and reprinted, with permission, from Ref. 
66, Copyright © 1993, American Chemical Society. 



Control p«pl[#« 




320 360 400 440 
WAVELENGTH (nm) 

Figure 8.36. Emission spectra of the peptides shown in Figure 8.45. 
Also shown is the emission spectrum of a control peptide with a pheny- 
lalanine group in place of p-bromophenylalarunc. Revised and reprinted, 
with permission, from Ref. 66, Copyright © 1993. American Chemical 
Society. 



series of peptides containing a naphthylalanine fiuoro- 
phore and a /?-bromophenylalanine quencher (Figure 
8.35). The probe and quencher were separated by 0, ], or 
2 amino acid residues. Emission spectra of these peptides 
show minimal quenching except for separation by 2 amino 
acid residues (Figure 8.36). In this case the fluorophore 
and quencher are adjacent, resulting in over 50% quench- 
ing of the naphthylalanine. These results suggest that, in 
solution, this peptide adopts a conformation with the 
bromo group near the indole ring. 



8.13. QUENCHING OF 
PHOSPHORESCENCE 

Phosphorescence is not usually observed in fluid solulions 
near room temperature. One reason for the absence of 
phosphorescence is the long phosphorescence lifetimes 
and the presence of dissolved oxygen and other quenchers. 
For instance, recent data for tryptophan revealed a phos- 
phorescence lifetime of 1 .2 ms at 20 °C 67 Su ppose that the 
oxygen bimolecular quenching constant is 1 x \O lo \T l s" 1 
and that the aqueous sample is in equilibrium with dis- 
solved oxygen from the air (0.255mA/ 0 2 ). Using Eq. [8. 1 ], 
the intensity is expected to be quenched 3000-fold. For this 
reason, methods have been developed to remove dissolved 
oxygen from samples used to study phosphorescence. 68,69 
In practice, other dissolved quenchers and nonradiative 
decay rates result in vanishingly small phosphorescence 
quantum yields in room-temperature solutions. Some ex- 
ceptions are known, such as when fluorophores are located 
in highly protected environments within proteins. 70 " 73 
Phosphorescence has also been observed at room tempera- 
ture for probes bound to cyclodextrins, even in the pres- 



Alkaline Phosphatase 

25*C 




Figure 8.37. Phosphorescence decay of alkaline phosphatase at 25 "C 
in the absence of oxygen and in the presence of 1.%^lM oxygen. Revised 
and reprinted, with permission, from Ref. 77, Copyright © 1987, Bio- 
physical Society. 
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Figure B.38. Structure of the alkaline phosphatase dimer, showing the phosphorescent residue trp-109. Courtesy of Dr. An Gafni, University of 
Michigan. 



ence of oxygen. 74 However, in general, phosphorescence 
is not commonly observed near room temperature. 

Protein phosphorescence can be quenched by a number 
of small molecules such as amino acids, HjO, andCS 2f 75,76 
in addition to oxygen. An example of the dramatic quench- 
ing of protein phosphorescence by even low concentra- 
tions of oxygen is shown for alkaline phosphatase 
phosphorescence 77 in Figure 8.37. It is now known that the 
phosphorescence from alkaline phosphatase results from 
one of its ihree nonidentical tryptophan residues, trp-109. 
This residue is located in a highly shielded environment 
near the dimer interface (Figure 8.38). In the presence of 
7.8pA/ oxygen, the phosphorescence lifetime is reduced 
from 1-57 s to 0.1 s. Note that an oxygen concentration of 
7.8pjW would have an insignificant effect on nanosecond 
fluorescence. It is also important to notice that trp-109 in 
alkaline phosphatase is one of the most shielded residues 
identified to date in a protein. The lifetimes in the absence 
and presence of l.&nM oxygen can be used to calculate a 
value of 1.2 x 10 6 AT 1 s" 1 for the bimolecular quenching 
constant^. If the residue were more typical, with a k q value 
of 0.1 x lO'/VT 1 s" 1 , one can calculate that the decay time 
in 7.&liM oxygen would have been reduced to 1 .28 ms, and 



thus quenched by over 1000-fold for a micromolar 
quencher concentration. 
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PROBLEMS 

8.1. Separation of Static and Dynamic Quenching ofAcridom 
by Iodide: The following data, were obtained for quexicfaing 
of acridonc in waior ax 26 "C 71 KNOj U uaed toroaintain 
acooatutfiookaxinigthaxiddoM 
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mm n^p«>Aaa 37WI7-528. 
174. EAb^M.it.andCmk«a,CA^!9Knvfc^fbicrea^ 

iag sBadke on proteins and aaodel fyitn aa r- Use of the inefficient 



asicbBi 



A. Cooatnict a Stcnt-Volmer plot 

B. Ddenniae tbe dynamic (K D ) aod aUtic {K s ) quench- 
ing constanU. Use tbe quadratic equntioa to obtain 
K D and K s from tbe slope nod mtocept of a plot of 
*T W veraua [Q]. 

C Calculate tbe c*ocxved birnolecular qucachiog con- 
stanL The uoqunndiod lifetime Xq — 17.6 na. 

D. CsJcsjmhs the drffuakm-linntod birnolecular quencfa- 
ing conatmn t ami the nneeMhma; efficiency. The diffu- 
aiou corutaot of Kim water n 1065 x 1(T 5 cm 1 /* for 
IV KI (Handbook of Chemistry and Physki, 55th 
ed.). 

E. Coouuent on the magnitude of the apfaere of acooo 
and the static ryanvhing enru^aox, with regard to the 
nature of the cotnplex. 

8.2. Separation of Static and Dynamic Quenchutf: The follow, 
ing tabic lists the fluofesnooelifeliiit^ 
turn yields of 1 0-nnrdiylsttfcfimu^ 

(AMP). 11 
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A. Uttequaxhingdyiuw,ftJrtic,orbo4h? 

B. What U (arc) the quenching constants)? 

C WhMUthciMocMtioocoa^foctbcMAC-AMP 
complex? 

D. Comment oa the rnagmtiaV of the static quenching 
constant 

E Auume that the AMP-MAC complex is completely 
DonfloPtreonot and that orwiplex f onn^wo shiits the 
nbsocptioo spectrum of MAC Will the corrected ox- 
cnation spectrum of MAC, in the presence of unsatu- 
rating amounts of AMP, be comparable to the 
absorption spectrum of MAC or mat of the MAC- 
AMP complex? 

8.3. Effects of Dissolved Oxygen on Fluorescence Intensities 
and Lifetimer. Oxygen is known to dissolve m aqueous 
and organic solutions and is a colHtional qurarhfr of 
fluorescence. Assume that your measurements arc accu- 
rate to 3%. What are the lifetimes above which dissolved 
oxygen from the atmosphere will result in changes in the 
fluor es cence inten sit ies or Irfatuncs that are outside your 

sndethanolic solutions. The oxygen solubility in water is 
0.0012754/ for a partial pleasure of 1 atm. Oxygen is 
fivefold more soluble in erbanol than in water. The follow- 
ing information is needed to answer this question: A, (in 
water) * 1 X 10 10 kf~* s" 1 ; *- (in ethsnol) = 2x 10 10 JIT 1 

8.4. Intramolecular Complex Formation by Flavin Adenine 
Dinucleotide (FAD): PAD fluorescence is quenched both 
by static complex formation between the flsvin and ade- 
nine rings and by collisions between these two moieties. 
Flavin nmuouudeouoe (FMN) is aunilar to FAD except 
that it lades the adenine ring. Use the following data for 
FAD and FMN to calculate the fraction coinpkxed (/) and 
the coUUtooal derivation rate (*) of the flavin by the 
■oV^ringGU the relative ojiantum yiekL Note that the 
deactivation rate is in unit* of s~*. 

T (FMN) * 4.6 ns 

t (FAD) w 2.4 ns 

e(FMN) « 1.0 (aasumed unity) 

G(FAD) « ao9 

8.5. Quenching of Protein Fluorescence; Determination of the 
Fraction of the Total Fluorescence Accessible to Iodide: 
Assume mat a protean conjajni four Mentical subunits, 
each containing two tryptophan leasdues. The following 
data are obtained in the presence of iodide. 
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A. What fraction of me total tryptophan fluorescence ro 

WhM property of the Steni-Vchner 
inaocesaibie fraction? 

B. Assume that *B the tryptophan* have ajasl quantum 
yields and lifetimes (5 ns). How many tryptophan 
residues are acoesrible to qttenchrng? 

C. What are the rtinwlmilsrnjirirlMng constant* for the 

D. Assume that you couW sefcctively excite the accessi- 
ble tryptophans by racfrarton at 300 run. Draw the 
predicted Stern-Voimer and modified Stem-VbUner 
plots for the accessible and me maccrsaihle residues. 

8.6. Quenching of Endcnuclease Ilk Figure 8.39 shows the 
effect of a 19-mor of poly<dA-dT) on me mtrinsic trypto- 
phan eunsskn of e«k>x»<iea^ffl (ED<k)III>Ejipiain the 
data in terms of me structure of endo 10 (Figure 8.15). Is 
the quenching coUisional or static? Assume mat the un- 
quenched decay time to 5 as. The concentration of endo 
mfe0.8utt 




